Ti 1Ϫx Sc x N alloys were used to investigate the effects of carrier density and the density of states ͑DOS͒ at the Fermi level E f on vibrational modes, phonon anomalies, and superconducting transition temperatures T c . Single-crystal Ti 1Ϫx Sc x N layers, 2000 Å thick, with compositions spanning the entire alloy range (0рx р1), were grown on MgO͑001͒ by ultrahigh vacuum reactive magnetron sputter deposition at 750°C. The Raman spectrum of pure TiN is dominated by two-phonon features while Ti 1Ϫx Sc x N spectra with 0.12рx р0.81 exhibit primarily one-phonon peaks. The acoustic peak softens from 310 cm Ϫ1 with xϭ0.12 to Ӎ200 cm Ϫ1 with xϭ0.81, due to the corresponding increase in the lattice constant. All alloy layers exhibit an optical double-peak feature related to local vibrational modes at Ti and Sc sites. The two optical peaks shift from 560 and 640 cm Ϫ1 for Ti 0.88 Sc 0.12 N to Ӎ 480 and 570 cm Ϫ1 for Ti 0.19 Sc 0.81 N with an intensity ratio which is proportional to (1Ϫx)/x. T c for TiN is 5.4 K and decreases steeply with increasing x to T c ϭ4.5, 3.4, and 1.9 K with xϭ0.06, 0.12, and 0.18, respectively. The decrease is due to a reduced DOS at E f in combination with a weaker effective coupling at higher x. The strong coupling for TiN is related to an anomaly in the longitudinal acoustic branch, which is absent for ScN, in the calculated phonon dispersion curves. Experimental evidence for the vanishing phonon anomaly is supplied by a broadening in the acoustic Raman peak with increasing x.
I. INTRODUCTION
Transition-metal ͑TM͒ nitrides are well known for their remarkable physical properties including high hardness and mechanical strength, chemical inertness, and electrical resistivities that vary from metallic to semiconducting. As a result, they are widely studied and have become technologically important for applications such as hard wear-resistant coatings, diffusion barriers, and optical coatings. The excellent mechanical properties of these materials are due to strong covalent-ionic bonds between the TM and N ions resulting from the fully occupied N 2p bands. 1, 2 In contrast, other interesting properties such as anomalous phonon softening and superconductivity are related to partially occupied TM d conduction bands which are responsible for a high density of states ͑DOS͒ near the Fermi energy resulting in strong electron-electron and electron-phonon scattering processes. 3 TiN and ScN are both B-1 NaCl-structure compounds with an electronic structure characterized by N 2s and 2p valence bands and metal 3d conduction bands. TiN has nine valence electrons; thus each formula unit provides one electron to the 3d conduction bands resulting in metallic conductivity with a room-temperature resistivity TiN of 13 ⍀ cm. 4, 5 ScN, however, has only eight valence electrons which completely fill the N 2s and N 2p bands, but leave the Sc 3d bands empty. ScN has recently been shown to be a semiconductor with an indirect ⌫-⌾ band gap of 1.3 eV. 6 The Ti 1Ϫx Sc x N system is an ideal model alloy to study physical properties of TM compounds and their relationship with electronic structure. The Fermi level E f moves progressively down from the 3d conduction bands and into the band gap as the composition is varied from metallic TiN to semiconducting ScN. Thus, the density of 3d electrons, and consequently also the DOS at E f , decreases with increasing x to become zero at xϭ1, i.e., pure ScN. An interesting feature of the Ti 1Ϫx Sc x N alloy system is that the atomic bonding, which is primarily determined by the N 2p orbitals, is independent of composition, while properties related to the DOS(E f ) are directly determined by the density of 3d electrons and therefore strongly vary with composition. Thus, properties such as anomalous phonon softening and superconductivity, known to be present in TiN, 7, 8 can be slowly ''turned off'' by continuously increasing the Sc concentration in Ti 1Ϫx Sc x N.
In this paper, we present the results of an investigation of the vibrational modes in single-crystal Ti 1Ϫx Sc x N͑001͒. We employ ab initio density-functional calculations to determine the phonon dispersion curves between the ⌫ and ⌾ points in the Brillouin zone of TiN and ScN. The calculated frequencies are directly related to measured Raman shifts in the alloys. The most prominent feature in the TiN dispersion curves is an anomaly in the longitudinal acoustic ͑LA͒ branch which is not present in ScN. The acoustic Raman peak broadens continuously with increasing x as the phonon anomaly vanishes for Sc-rich samples. This in turn leads to a weakening of the electron-phonon interaction and consequently to a steep decrease in the superconducting transition temperature T c with increasing x due to a reduced effective coupling in combination with a smaller DOS(E f ).
sputter deposition in 99.999% pure N 2 discharges at 5 mTorr. The Ti to Sc ratio is controlled by the relative power applied to two symmetrically positioned magnetrons with 5-cmdiameter Ti ͑99.999%͒ and Sc ͑99.9% purity͒ targets. Substrate preparation and film growth procedure followed those employed for the growth of epitaxial TiN and ScN on MgO͑001͒. 9, 10 Layer compositions were determined using a combination of Rutherford backscattering spectroscopy ͑RBS͒ ͑Ref. 11͒ and x-ray photoelectron spectroscopy ͑XPS͒. 12 The alloys were found to be stoichiometric with N/͑TiϩSc͒ϭ1.00 Ϯ0.04. Alloy compositions x correspond well with expected values from deposition rate calibrations. No impurities, other than Ta ͑the normal impurity in Sc and present at 0.1 at. % in the Sc target͒, were detected by either RBS or XPS.
Film microstructures were analyzed by x-ray diffraction ͑XRD͒ and plan-view and cross-sectional transmission electron microscopy ͑TEM and XTEM͒. XRD -2 scans were acquired in powder-diffraction mode using a Rigaku system operated with a CuK ␣ (ϭ1.5406 Å) source having a slit divergence of 0.1°and yielding a resolution of 0.01°2. A Philips MRD diffractometer equipped with a graded multilayer mirror and a parallel-plate collimator was used to obtain XRD pole figures. Samples for TEM and XTEM analysis were prepared following the procedure described in Ref. 9 .
All Ti 1Ϫx Sc x N layers were analyzed by room-temperature Raman spectroscopy using the 514.5-nm line from an Ar ϩ laser which provided a 20-mW beam, incident at 60°relative to the sample surface normal, with a spot size of 0.25 mm 2 . Spectra between 200 and 1400 cm Ϫ1 were obtained from light scattered normal to the sample surface and collected by a three-stage 0.8-m SPEX spectrometer equipped with a twodimensional charge-coupled device array.
A Quantum Design Physical Property Measurement System with a minimum measurement temperature of 1.7 K was used to determine superconducting critical temperatures T c . For this purpose, four Al contacts were evaporated through a mask with the van der Pauw geometry.
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III. COMPUTATIONAL METHODS
TiN and ScN phonon dispersion curves along ͗100͘ directions in the Brillouin zone were determined by the planar force constant approach proposed by Kunc et al. 14, 15 In this method, one atomic plane in a tetragonal supercell is displaced and the interplanar force constants are calculated ab initio using the Hellman-Feynman theorem. The phonon dispersion curves are then obtained from the harmonic contributions of the forces using equations for the linear chain. 14 The interatomic forces were calculated with densityfunctional methods using the Vienna ab initio simulation package ͑VASP͒, 16 which employs pseudopotentials and a plane-wave basis set to obtain the Kohn-Sham ground state. The local-density approximation ͑LDA͒ ͑Ref. 17͒ was used for the exchange-correlation functional. Ultrasoft Vanderbilttype pseudopotentials, 18 with core radii of 2.79, 3.05, and 1.65 a.u. for Ti, Sc, and N, respectively, yielded good totalenergy convergence with a moderately low energy cutoff of 350 eV for the plane-wave basis set expansion. The tetragonal supercell size was chosen to be sufficiently large, containing 36 ͑24͒ atomic planes for TiN ͑ScN͒, that the calculated forces converge to within 5%. k-point sampling was carried out using an 18ϫ18ϫ4 mesh according to the method of Monkhorst and Pack. 20 The total computational uncertainty, excluding effects due to the LDA, corresponds to an accuracy in the calculated vibrational frequencies of Ӎ3%.
Special care was taken for the ScN phonon calculation. This compound has recently been shown to be a semiconductor, 6 in contradiction to previous LDA results predicting an overlap of Ӎ0.1 eV between the valence band at the ⌫ point and the conduction band at the ⌾ point. 21 In order to obtain vibrational frequencies corresponding to semiconducting ScN within the LDA, we fixed the band occupation in our calculations corresponding to the experimental finding, i.e., the valence band is fully occupied and the conduction band is empty. An additional complication arises due to the incomplete dielectric screening in semiconductors; the force constants corresponding to the longitudinal optical ͑LO͒ modes in ScN are altered by a constant electric field inside the supercell due to the periodic boundary conditions and the dipole induced by the displaced lattice plane. 14, 22 The artificial force due to the constant electrostatic field on a given ion type ͑Sc or N͒ is exactly the calculated force on an ion far away from the displaced lattice plane. Thus the effect can easily be accounted for by simply subtracting the artificial force from the calculated interplanar force. 22 The vibrational frequencies at the ⌫ and ⌾ points of the Brillouin zone were also determined by the frozen phonon method 14 using two-and four-atom unit cells for the ⌫ and ⌾ points, respectively. This method provides values for the transverse optical ͑TO͒ mode at the ⌫ point and all four frequencies ͑TA, LA, TO, LO͒ at the ⌾ point.
14 They are used in the present investigation to cross check the frequencies obtained from the planar force-constant method.
IV. RESULTS AND DISCUSSION
The combination of XRD -2 scans, pole figures, and XTEM/TEM investigations show that all layers are single-phase NaCl-structure monocrystals exhibiting a cubeon-cube epitaxial relationship with the substrate: (001) TiScN ʈ(001) MgO and ͓100͔ TiScN ʈ͓100͔ MgO . Figure 1 is . 26 However, the magnitude of the compressive strain ͑Ͻ0.4%͒ is sufficiently small that it has negligible effect on vibrational frequencies. Figure 2 shows the TiN and ScN phonon dispersion curves, as determined from ab initio density-functional calculations, along the ͗100͘ direction of the Brillouin zone. The acoustic and optical branches of the phonon dispersion curves, plotted as solid lines between the ⌫ and ⌾ points, are obtained using the planar force constant approach. The solid circles in Fig. 2 at the ⌫ and ⌾ points correspond to frequencies obtained by frozen phonon calculations. The two sets of results are in very good agreement, confirming that the supercell size used for the interplanar force-constant calculations is large enough to avoid significant errors due to the periodic boundary conditions.
The optical branches of the TiN phonon-dispersion curves ͓Fig. 2͑a͔͒ between ⌫ and ⌾ are rather flat. The vibrational frequency at the zone center is 17.3 THz and increases slightly to 17.5 and 18.3 THz at the ⌾ point for transverse and longitudinal modes, respectively. The longitudinal acoustic branch exhibits an anomaly with a minimum at a reduced wave vector of Ӎ0.7. These results are in reasonable agreement with reported inelastic neutron-scattering data for TiN 0.98 , obtained by zone annealing Ti in a N 2 atmosphere, which show optical phonon frequencies between 15 and 18 THz and a local minimum in the LA dispersion curve between ⌫ and ⌾ at a reduced wave vector of 0.65. 7 ScN phonon dispersion curves ͓Fig. 2͑b͔͒ differ dramatically from those of TiN. The longitudinal and transverse optical modes, which are degenerate for TiN at the ⌫ point and nearly constant along ͗100͘ in the Brillouin zone, are separated by 4.9-9.2 THz. This is due to the fact that the free carriers which screen the displacement-induced electric field in TiN are absent in semiconducting ScN. The additional restoring force in the longitudinal modes due to this macroscopic electric field yields LO frequencies which are considerably higher than the TO. Unlike the case for TiN, ScN acoustic branches do not exhibit an anomaly. This result is similar to reports for NaCl-structure carbides by Smith and Gläser. 27 The longitudinal acoustic-phonon dispersion curve of TaC, which has nine valence electrons, exhibits an anomaly while HfC with eight valence electrons shows normal phonon-dispersion behavior.
Raman spectra were obtained from 2000-Å-thick epitaxial Ti 1Ϫx Sc x N͑001͒ layers with compositions spanning the entire range (0рxр1). Examples of typical spectra between 200 and 1200 cm Ϫ1 are shown in Fig. 3͑a͒ for layers with xϭ0, 0.12, 0.31, 0.57, 0.81, and 1. The curves are offset by constant intensities in order to avoid overlap. The lowest curve, obtained from TiN, exhibits a broad peak at 550 cm Ϫ1 , attributed to the optical mode at the zone center, and twophonon acoustic peaks at 450 and 620 cm Ϫ1 . Other secondorder Raman features occur at 850 and 1110 cm Ϫ1 due to an acoustic plus an optical phonon ͑AϩO͒ and two optical phonons ͑2O͒, respectively. TiN peak positions are in good agreement with previously reported spectra having features at 420-440, 530-570, and 610 cm Ϫ1 , 8, 28, 29 and also with our calculated frequency at the zone center ͓Fig. 2͑a͔͒ which predicts the optical mode at 580 cm
Ϫ1
, 5% above the observed 550-cm Ϫ1 feature. The one-phonon optical peak, which is forbidden in perfect NaCl-structure crystals, 30 is relatively weak indicating good crystalline quality and a low anion vacancy density in our TiN layers. 3 In addition, the spectrum shows no indication of acoustic one-phonon modes near 300 cm Ϫ1 as have been reported for layers with small ͑Ͻ5%͒ deviations from stoichiometry. 8 The Ti 0.88 Sc 0.12 N spectrum in Fig. 3͑a͒ exhibits a sharp one-phonon acoustic peak at 310 cm Ϫ1 and well-pronounced optical peaks at 560 and 640 cm Ϫ1 . We attribute the latter features to local vibrational modes associated with cation sites occupied by Ti and Sc atoms, respectively. The twophonon intensity is rather weak in this spectrum, with small second-order features near 850 and 1100 cm
. When comparing this spectrum with that of TiN, it is evident that the strong two-phonon Raman activity in TiN is replaced by first-order Raman scattering. This is reasonable since alloying breaks the crystal symmetry and one-phonon selection rules no longer apply.
Spectra from Ti 1Ϫx Sc x N samples with 0.31рxр0.81 qualitatively resemble that of Ti 0.88 Sc 0.12 N. They consist of three well-defined one-phonon peaks associated with one acoustic mode and two optical modes. No second-order features are detected.
Overall, we observe the following trends in Raman spectra from Ti 1Ϫx Sc x N alloys. Peak positions associated with both acoustic and optical phonons shift continuously to lower wave numbers with increasing x. The acoustic mode softens from 310 cm Ϫ1 with xϭ0.12 to Ӎ200 cm Ϫ1 with x ϭ0.81, while optical peaks shift from 560 and 640 cm Ϫ1 for Ti 0.88 Sc 0.12 N to Ӎ480 and 570 cm Ϫ1 for Ti 0.19 Sc 0.81 N. We attribute the softening to the approximately linear increase which occurs in the lattice constant a o ͑and hence in the cation to N bond length͒ with increasing x. a o ranges from 4.24Å for TiN to 4.50Å for ScN, corresponding to a maximum increase in the cation-nitrogen bond length of 6%.
The acoustic-phonon peak continuously broadens with increasing x in Ti 1Ϫx Sc x N alloys. Peak widths at half maximum intensity are 40, 50, Ӎ120, and Ӎ140 cm Ϫ1 with x ϭ0.12, 0.31, 0.57, and 0.81, respectively. The sharp peaks at high Ti concentrations in Ti 1Ϫx Sc x N are attributed to the high phonon density of states near 300 cm Ϫ1 , associated with an anomaly in the longitudinal acoustic-phonon branch as shown in Fig. 2͑a͒ . With increasing x, Ti atoms are replaced by Sc and the dispersion anomaly decreases. It is completely absent for pure ScN ͓Fig. 2͑b͔͒. Sc-rich alloys are therefore characterized by acoustic-phonon modes which are distributed over a broader frequency range giving rise to wider Raman peaks which, for alloys with xϭ0.57 and 0.81, are centered at Ӎ250 and 200 cm Ϫ1 ͓see Fig. 3͑a͔͒ . Raman spectra from Ti 1Ϫx Sc x N exhibit two very pronounced one-phonon optical peaks between 400 and 700 cm Ϫ1 due to local vibrational modes around cation sites. The modes associated with Sc atoms occur at frequencies which are 16Ϯ3% higher than those of the Ti modes. The magnitude of this difference cannot be explained by the 6% change in atomic mass ͑m Ti ϭ47.9 amu, m Sc ϭ45.0 amu͒. Rather, it is due to differences in interatomic bond strengths. The Ti-N bond in Ti 1Ϫx Sc x N is weaker than the Sc-N bond, giving rise to lower frequency local vibrational modes, due to screening by conduction electrons localized predominantly around Ti atoms. The Raman spectra in Fig. 3͑a͒ show that with increasing Sc concentration, the intensity of the peak associated with Sc atoms increases and its position shifts from 640 to 630, 620, and 570 cm Ϫ1 with xϭ0.12, 0.31, 0.57, and 0.81. Simultaneously, the intensity of the one-phonon optical peak associated with Ti atoms decreases and the mode softens from 560 to 550, 530, and 480 cm Ϫ1 . In order to quantify the changes in the intensities of the optical-phonon peaks, we fit the Raman spectra between 400 and 700 cm Ϫ1 using two Gaussian curves and a linear background. The results are shown in Fig. 3͑b͒ . The areas of the optical-phonon peaks associated with Ti and Sc atoms, A Ti and A Sc , normalized to the total optical one-phonon intensity A tot ϭA Ti ϩA Sc , are plotted as a function of composition x. The plot includes data from additional Raman spectra that are not shown in Fig. 3͑a͒ early with x, showing that the relative peak intensities are directly proportional to the Ti and Sc concentrations, respectively, in Ti 1Ϫx Sc x N. This confirms our hypothesis that the two optical peaks are directly associated with Ti and Sc atom local vibrational modes.
The upper curve in Fig. 3͑a͒ is the Raman spectrum from pure ScN. It contains a relatively broad peak near 410 cm Ϫ1 due to transverse-optical modes. Longitudinal-acoustic modes may also contribute to the Raman intensity at 410 cm Ϫ1 due to relaxed momentum selection rules. The LA modes, like the TO branch, have a high phonon density of states in this frequency range ͓Fig. 2͑b͔͒. The measured optical peak at 680 cm Ϫ1 is attributed to the longitudinal optical mode, for which the calculated frequency at the ⌫ point is 19 THz ͑640 cm Ϫ1 ͒. Our results are in good agreement with previously published Raman data for ScN 0.99 which shows peaks at 420 and 680 cm Ϫ1 . 28 The continuous softening of acoustic and optical modes with increasing x in Ti 1Ϫx Sc x N alloys, as discussed above, does not persist in pure ScN due to the lack of free carriers. The ions are no longer screened leading to stronger interatomic forces and, consequently, higher vibrational frequencies.
The ScN Raman spectrum is, in contrast to that of TiN, dominated by one-phonon features with only a weak secondorder optical peak ͑2O͒ at 1350 cm Ϫ1 ͑not shown͒, but no detectable acoustic two-phonon features ͑no 2A or AϩO͒. A low ͑large͒ cross section for acoustic two-phonon excitations has also been reported for other TM nitrides and carbides with eight ͑nine͒ valence electrons. 3 This was related in Ref. 3 to the presence of a phonon dispersion anomaly in compounds with nine valence electrons enhancing the matrix element for two-phonon processes. Thus, TiN with nine valence electrons exhibits a phonon anomaly ͓Fig. 2͑a͔͒ and, consequently, strong two-phonon activity, while ScN with eight valence electrons and no anomaly ͓Fig. 2͑b͔͒ shows no acoustic second-order Raman intensity. Figure 4 is a plot of the critical superconducting temperature T c vs x in Ti 1Ϫx Sc x N. The measured T c of pure TiN is 5.4 K, within the range of previously reported values, 4.6 -6.0 K. 8, [31] [32] [33] [34] T c decreases with increasing x and ranges from 4.5 to 3.4 to 1.9 K for Ti 1Ϫx Sc x N layers with xϭ0.06, 0.12, and 0.18. The critical temperature for all alloys with x у0.31 is Ͻ1.7 K, our minimum measurable value.
The Ti 1Ϫx Sc x N composition dependence of T c can be understood within the BCS theory 35 which provides the following expression for T c , 36
In Eq. ͑1͒, V is the effective attractive electron-electron coupling strength, DOS(E f ) is the single-spin density of states at the Fermi level, and k B is the Boltzmann constant. The energy scale is defined by ប where is usually taken to be the Debye frequency D . For Ti 1Ϫx Sc x N with 0рxр0.2, the vibrational frequencies vary by less than 5% ͓see Fig.  3͑a͔͒ and we therefore use in the following analysis a constant value for ប, 42 meV, obtained from the TiN Debye temperature, T ϭ487 K. 8, 37 The total number N of electrons in the 3d conduction band decreases linearly with x since the substitution of Sc on a Ti site results in a net loss of one electron, thus Nϰ(1 Ϫx͒. Using the calculated DOS from Refs. 4 and 6 which exhibit a linear increase vs energy, DOS(E)ϰE, 38 we obtain NϰE 2 and, consequently, a square-root compositional dependence for DOS(E f ),
The remaining unknown in Eq. ͑1͒ is the composition dependence of V. For an initial attempt to explain T c (x), we assume a constant net attractive interaction V(x)ϭV o . This results in the dashed line in Fig. 4 , obtained by calculating T c (x) using Eqs. ͑1͒ and ͑2͒ with the product of V o and the proportionality constant in Eq. ͑2͒ chosen such that the curve goes through our measured T c value for TiN (xϭ0). The dashed line is in reasonable agreement with T c values for alloys with x→0. However, it does not follow the experimental Ti 1Ϫx Sc x N data for xу0.1, indicating that V(x) increasingly deviates from V o for higher x values. The deviation is plotted as a function of x in the inset of Fig. 4 . The line through the data points in the inset is a polynomial fit which is then used to obtain the solid curve through the measured T c values in Fig. 4 . V/V o decreases with x, as expected from the steep decrease in T c vs x. However, since T c depends exponentially on V ͓Eq. ͑1͔͒, only small changes in V are required to describe T c (x). For example, V/V o ϭ0.90 at xϭ0.18, indicating that a Ti 1Ϫx Sc x N layer with 18% of the cation sublattice sites occupied by Sc exhibits an effective coupling which is only 10% less than that of pure TiN.
We conclude that the steep decrease in T c (x) is due to a reduced DOS(E f ) combined with a lower effective coupling strength V(x) at higher x. The highest T c values for TM nitrides are obtained from compounds in which DOS(E f ), related to partially filled d bands, and the electron-phonon coupling, related to phonon dispersion anomalies, 3 are both high, such as occurs for TiN. Spengler et al. 8 reported a dramatic decrease in T c for understoichiometric TiN x ; T c ϭ6 K for TiN x with xϭ0.995 and only 1.7 K with x ϭ0.953. They ascribed the large drop in T c with only a 4% decrease in x to a reduced phonon anomaly in N-deficient TiN, as indicated by a shift in the acoustic Raman peak. We find for Ti 1Ϫx Sc x N, a similar relation between T c and the phonon anomaly associated with TiN ͓see Fig. 2͑a͔͒ . The phonon anomaly results in strong electron-phonon interactions, and thus strong effective coupling V, which gives rise to high-T c values in alloys with high TiN concentrations. However, T c (x) drops as Ti atoms are replaced by Sc since the strength of the anomaly continuously decreases with increasing x as indicated by the persistent broadening of the Ti 1Ϫx Sc x N acoustic Raman peaks ͓Fig. 3͑a͔͒. The anomaly is absent in pure ScN ͓Fig. 2͑b͔͒.
V. SUMMARY AND CONCLUSIONS
Ti 1Ϫx Sc x N is found to be an interesting model system for investigating the effects of alloy carrier density and the density of states at the Fermi level on vibrational modes, phonon anomalies, and the critical temperature for superconductivity. Single-crystal 2000-Å-thick Ti 1Ϫx Sc x N layers, with compositions spanning the entire alloy range (0рxр1), were grown on MgO͑001͒ by ultrahigh vacuum reactive magnetron sputter deposition at 750°C. The measured lattice constant along the growth direction a Ќ increases linearly with x from 4.248Å for TiN to 4.518 Å for ScN.
Phonon-dispersion curves between the ⌫ and ⌾ points in the Brillouin zone of TiN and ScN were obtained from ab initio density-functional calculations. The most prominent feature is an anomaly in the longitudinal-acoustic branch which occurs in TiN at a reduced wave vector of Ӎ0.7, but is absent for ScN. The ScN optical modes also differ considerably from those of TiN. The transverse and longitudinal modes are degenerate at the ⌫ point in metallic TiN. However, the displacement-induced electric field in semiconducting ScN cannot be screened by free carriers, leading to a 4.9-9.2 THz separation in the LO and TO branches.
Raman spectra from pure TiN are dominated by secondorder intensity since one-phonon scattering is optically forbidden in NaCl-structure crystals. However, spectra from Ti 1Ϫx Sc x N samples with 0.12рxр0.81 exhibit primarily one-phonon features with an acoustic peak which softens from 310 cm Ϫ1 with xϭ0.12 to Ӎ200 cm Ϫ1 with xϭ0.81 and two optical peaks shifting from 560 and 640 cm Ϫ1 for Ti 0.88 Sc 0.12 N to Ӎ480 and 570 cm Ϫ1 for Ti 0.19 Sc 0.81 N. The softening is related to an increase in the lattice constant towards ScN-rich samples, while a continuous broadening of the acoustic peak with increasing x is attributed to a smoothening of the phonon density of states due to the decreasing anomaly with increasing ScN concentration. The two optical Raman peaks are associated with local vibrational modes around Ti and Sc cation sites, respectively, and their intensity ratio is proportional to (1Ϫx)/x.
The critical temperature for superconductivity is 5.4 K for TiN and decreases steeply with increasing x to T c ϭ4.5, 3.4, and 1.9 K with xϭ0.06, 0.12, and 0.18. The rapid decrease is due to a combination of a reduced density of states at the Fermi level and a reduced effective coupling in alloys with higher x values. The reduced coupling is, in turn, due to the vanishing phonon anomaly in agreement with our calculated dispersion curves and Raman spectroscopy results.
